Magnetic reconnection [e.g. 1] plays an important role in determining the evolution of magnetic topology in relaxation processes in high-temperature laboratory plasmas, magnetospheric substorms, solar flares, and more distant astrophysical plasmas. Often, magnetic reconnection is invoked to explain the observed rapid release of magnetic energy in these highly conducting plasmas. A central question of magnetic reconnection concerns why the observed reconnection rates are much faster than predictions by the Sweet-Parker model [2, 3] based on magnetohydrodynamics (MHD) with the classical Spitzer resistivity.
In this two-dimensional (2D) model, the infinitely small resistivity causes magnetic field to dissipate only in very thin current sheets, which impede the outflow of mass leading to significantly slow reconnection rates. The subsequently proposed Petschek model [4] is based on standing slow shocks to open up the outflow channel allowing larger mass flows thus the faster reconnection rates. However, it has been shown later [5, 6] that the Petschek solution is not compatible with uniform or smooth resistivity profiles. On the other hand, perhaps not surprisingly, the plasma resistivity can be enhanced due to microinstabilities which are often active only in the reconnection region where plenty of free energy exists in the form of a large relative drift between ions and electrons and large inhomogeneities in pressure and magnetic field. This anomalous resistivity not only can broaden the current sheet to increase the mass flow and the reconnection rate in the context of the Sweet-Parker model [7] but also its localization is able to open up the outflow channel for the fast reconnection [7] [8] [9] .
Alternatively, a recent theory [10] attempts to explain fast reconnection rates based on nondissipative terms, notably the Hall term, in the generalized Ohm's law in a 2D and laminar fashion.
The underlying microinstabilities [1] for the resistivity enhancement have been considered to be predominantly electrostatic in nature due to their effectiveness in wave-particle interactions. The primary candidate is the Lower-Hybrid Drift Instability (LHDI) [11] , which has been frequently observed in space plasmas [12, 13] . Recently this instability has been studied in direct relation with reconnection in laboratory [14] and in space [15, 16] . The main conclusion of these studies is that the LHDI is active only at the low-β edge region of current sheet, but not at the high-β central region, where the resistivity needs to be enhanced for fast reconnection. This conclusion is consistent with an earlier theory [17] which showed stabilization of LHDI by finite plasma β, and also with more recent numerical simulations [18, 19] .
By contrast, much less attention has been paid to electromagnetic fluctuations and their relation with reconnection, although they have been also regularly observed in space [12] . In this Letter, we report the first clear experimental evidence for electromagnetic fluctuations in the lower-hybrid frequency range during fast reconnection in a well-controlled laboratory plasma, Magnetic Reconnection Experiment (MRX) [20] . The observed waves are identified as right-hand polarized whistler waves propagating obliquely to the magnetic field. Earlier laboratory experiments [21] on reconnection have indicated evidence for high-frequency electromagnetic fluctuations in the electron MHD regime where only electrons are magnetized, but their roles in the reconnection process were unclear. On the other hand, most plasmas of interest for the reconnection problem are well into the MHD regime where ions are also magnetized at least outside of the reconnection region, as in MRX. In one case, magnetic fluctuations have been interpreted as byproducts of LHDI in space plasmas [15] .
In the MRX, magnetic reconnection is driven by reducing currents in two flux cores whose toroidally symmetric shape ensures the global 2D geometry, as illustrated in Fig.1 .
Oppositely directed field lines in the Z direction are pulled together radially, forming a current sheet flowing along the θ direction. All essential parameters needed for characterizing reconnection are measured by an extensive set of diagnostics [20] . In a previous quantitative study [22] , it was shown that the observed reconnection rates can be explained by a modified Sweet-Parker model including an effective resistivity, determined experimentally by η * ≡ E θ /j θ where E θ and j θ are toroidal reconnecting electric field and current density, respectively. In highly collisional plasmas, η * is very close to the classical Spitzer perpendicular resistivity η Spitzer [23] while η * η Sptizer when the collisionality is reduced [22] , in correlation with strong nonclassical ion heating [24] . High-frequency fluctuations have been measured in MRX in order to explore the possibility of the resistivity enhancement due to microinstabilities in low collisionality regimes. Although the LHDI was identified at the low-β edge region of the current sheet, electrostatic fluctuations did not correlate well with the reconnection process in their temporal and spatial behavior as well as their collisionality dependence, leading to a conclusion that the electrostatic fluctuations do not play an essential role in the fast reconnection in MRX [14, 25] .
The experimental results reported here focus on electromagnetic fluctuations, which do correlate well with fast reconnection. The main diagnostics used are based on four small magnetic pickup coils mounted inside an electrostatically shielded glass tube. All three com- hybrid frequency range and they tend to also vary accordingly with the changes in the local lower-hybrid frequency f LH ≡ √ f ce f ci , shown as black lines [35] . Fig.5 . Since the resistivity enhancement also strongly depends on the plasma collisionality [22] (Fig.5) , a clear positive correlation between magnetic fluctuations and resistivity enhancement is established, as shown in Fig.6 [36] .
Given the experimental data described above, it is clear that the observed electromag- 2 ). The waves also cannot be described as whistler waves driven by electron temperature anisotropy [27] , which propagate mainly along B 0 .
Many observed key features of the magnetic fluctuations, however, are consistent with the so-called Modified Two-Stream Instability (MTSI) in the high-β limit [11, [28] [29] [30] [31] . In contrast to LHDI, MTSI is driven only by a large relative drift across the magnetic field in homogeneous plasmas. In the low-β limit, both LHDI and MTSI behave similarly [32] . propagation angles to the field [30, 31] . However, the discrete peaks in the frequency spectra ( Fig.2 ) cannot be explained by these theories, which were based on the slab geometry. Global eigenmode calculations taking into account the boundary conditions, as have been done for LHDI [33, 34] , may explain the discrete frequency peaks.
Quantitative estimates of resistivity enhancement due to these fully nonlinear waves as described above are not straightforward. Nonetheless, examinations of each term in the generalized Ohm's law reveal that the turbulent Hall term due to the magnetic fluctuations could be sufficiently large to balance the reconnecting electric field if the measured coherence lengths are used as the perpendicular scale length. Other candidates, such as off-diagonal terms in the pressure tensor, can also possibly provide required effective friction between electrons and ions as a result of wave-particle interactions.
In summary, a detailed experimental study in MRX has established, for the first time, a clear and positive correlation between magnetic fluctuations in the lower-hybrid frequency range and fast reconnection in the low-collisionality regimes. The waves have been identified as right-hand polarized whistler waves, propagating obliquely to the reconnecting field, with a phase velocity comparable to the relative drift velocity. These waves are consistent with the modified two-stream instability driven by large drift speeds compared to the Alfvén speed in high-β plasmas. The short coherence length and large variation along the propagation direction indicate their strongly nonlinear nature. Quantitative understanding of the effects of these waves on the resistivity enhancement, and thus reconnection rates, requires further experimental efforts to directly measure relevant terms in the generalized Ohm's law. Theories and numerical studies of linear and nonlinear characteristics of currentdriven microinstabilities using proper models and boundary conditions in 3D should provide much-needed physical insight.
